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Abstract
The variation in vegetation greenness provides good understanding of the sustainable management and monitoring of
land surface ecosystems. The present paper discusses the spatial-temporal changes in vegetation and controlling factors
in the Yangtze River Basin (YRB) using Global Inventory Modeling and Mapping Studies (GIMMS) Normalized
Difference Vegetation Index (NDVI) for the period 2001–2013. Theil-Sen Median trend analysis, Pearson correlation
coefficients, and residual analysis have been used, which shows decreasing trend of the annual mean NDVI over the
whole YRB. Spatially, the regions with significant decreasing trends were mainly located in parts of central YRB, and
pronounced increasing trends were observed in parts of the eastern and western YRB. The mean NDVI during spring
and summer seasons increased, while it decreased during autumn and winter seasons. The seasonal mean NDVI shows
spatial heterogeneity due to the vegetation types. The correlation analysis shows a positive relation between NDVI and
temperature over most of the YRB, whereas NDVI and precipitation show a negative correlation. The residual analysis
shows an increase in NDVI in parts of eastern and western YRB and the decrease in NDVI in the small part of Yangtze
River Delta (YRD) and the mid-western YRB due to human activities. In general, climate factors were the principal
drivers of NDVI variation in YRB in recent years.
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Introduction
The Global Mean Surface Temperature (GMST) shows an
increase up to 0.89 °C during 1901–2012 (IPCC AR5,
2013). In China, the land surface air temperature has increased
by approximately 1.15 °C over the past 50 years (Li et al.
2015a; Liu et al. 2018). Vegetation, as the main body of
terrestrial ecosystems, plays an important role in climate reg-
ulation, water and soil conservation, and ecosystem stability
(Mohammad and Adam 2010; Peng et al. 2012; Vicente-
Serrano et al. 2013). Therefore, numerous vegetation-related
programs have been established and implemented to improve
ecological environment (Li et al. 2017). Under the influence
of climate change and human activities, pronounced changes
in vegetation coverage and productivity have been observed,
such as the conversion of cropland to grasslands and forests
and the increase or decrease in Net Primary Productivity
(Goetz et al. 2005; Peng et al. 2013; Chen et al. 2014a;
Liu et al. 2014a). However, earlier studies mainly focused
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on the spatial-temporal variations in vegetation and climate
change, ignoring types of vegetation. It is important to evalu-
ate quantitative impacts of climate change and human activi-
ties on vegetation greenness for decision-makers to manage
ecosystems in a sustainable way (Piao et al. 2015; Li et al.
2015b).
The Normalized Difference Vegetation Index (NDVI) calcu-
lated as the ratio of the difference between the near infrared and
red divided by the sum of near infrared and red is an indicator of
vegetation greenness (Bannari et al. 1995; de Beurs and
Henebry 2004). A higher NDVI value implies a larger green
vegetation density (Sun et al. 2015). The variation trend in
NDVI has been commonly used to detect vegetation greenness
(Jiang et al. 2015; Zhang et al. 2017a). At the global scale, the
mean NDVI shows increasing trends over half (56.3%) of land
during 1982–2011 and almost half (46.1%) of the significant
trends with seasonal variations (Eastman et al. 2013). A pro-
nounced increasing mean seasonal NDVI trend is observed
during 1982–2010, but the increasing rate is found to decrease
in the past decade (Peng et al. 2011). The NDVI was found to
be susceptible to the climatic variations using traditional statis-
tical approaches (Piao et al. 2003; Wang et al. 2003). Ichii et al.
(2002) have shown that the increase of NDVI in the northern
mi- and high-latitude regions was correlated with increasing
temperature, while the NDVI is observed to decrease in the
southern semi-arid regions due to precipitation during 1982–
1990. Jiang et al. (2017) have found stronger correlation of
mean NDVI with precipitation compared to the temperature
in most parts of Central Asia. Piao et al. (2015) have shown
that themeanNDVI increasedwith temperature inmost parts of
China during 1982–1999. Duan et al. (2011) and Xu et al.
(2016) have observed that in the arid regions of China, vegeta-
tion growth was sensitive to climate change due to low
precipitation and relatively high evapotranspiration. In
addition, human activities are also important driving factors
affecting NDVI. Jiang et al. (2017) have shown that sparse
vegetation and the degradation of some shrubs in the southern
parts of the Karakum Desert, the southern Ustyurt Plateau, and
the wetland delta of the Large Aral Sea were mainly triggered
by human activities. Li et al. (2011) found that the contribution
of climate change and human activities to vegetationNDVIwas
79.32 and 20.68%, respectively, in the Three-River Headwaters
Region (TRHR) during 2000–2010. Li et al. (2017) have
shown that climate change and human activities both contribute
to vegetation NDVI in China’s Loess Plateau during 2000–
2015, and human activities account for 55%.
The Yangtze River Basin (YRB), one of the largest river
basins in China, has experienced remarkable climate change
and intensive human activities over the past few decades (Cui
et al. 2017; Yao et al. 2017). The annual mean temperature in
the YRB sharply increased by 0.71 °C during 2001–2005,
compared to 0.33 °C during 1990s, while annual precipitation
shows almost no change (Xu and Ma 2009; Zhang et al.
2014). Over the past decades, the vegetation cover in YRB
has experienced great changes; vegetation restoration oc-
curred in some regions due to vegetation-related programs
implemented for forest conservation and environmental resto-
ration (Li et al. 2013; Zhang et al. 2014). Meanwhile, vegeta-
tion degradation appeared in several regions due to rapid ur-
banization, such as the conversion of forest and cropland to
built-up land (Liu et al. 2010, 2012; Gao et al. 2012) and
degradation of grasslands in the source region (Gao et al.
2010). Therefore, there are usually two different results on
vegetation greenness in some areas of YRB. In the view of
the whole river basin, how much is the changing degree of
vegetation greenness and the contributions of climate change
and human activities to vegetation greenness remain unclear
in YRB. The first decade in the twenty-first century for the
YRB provides a unique window to research on the vegetation
NDVI and response to climate change and human activities,
which will help to promote the sustainable development of the
ecosystems. In this paper, our aims are to (1) investigate the
spatial-temporal variations of vegetation in different vegeta-
tion types at the annual and seasonal scales; (2) explore the
potential relationships between vegetation (NDVI) and cli-
mate variables; and (3) identify the impacts of climate change
and human activities on vegetation NDVI.
Materials and methods
Study area
The Yangtze River, the longest in Asia and the third longest in
the world, originates from the Tibetan Plateau in the western
China, flows 6300-km long from the western mountainous
areas to the eastern plain, and finally discharges into the East
China Sea, with a 5000-m drop in elevation (Milliman and
Farnsworth, 2011; Yang et al. 2014). The drainage basin is
located between 91 and 122° E and 25–35° N (Fig. S1), cov-
ering 1.8 × 106 km2, which accounts for nearly 20% of the
whole China (Li et al. 2011; Guan et al. 2015). Apart from
some areas located in Tibetan Plateau, the YRB is character-
ized by a subtropical monsoon climate (Zhang et al. 2005;
Zhao et al. 2012). The upper and mid-lower YRB are affected
by the Indian summer monsoon and the East Asian summer
monsoon, two independent parts of the Asia monsoon (Ding
and Chan 2005; Chen et al. 2014b). Under the influence of the
monsoon, the YRB shows a distinct annual cycle of dry and
wet seasons (Zhang et al. 2007).
Data
The daily climate datasets, including temperature (T) and pre-
cipitation (P), were selected from 214 meteorological stations
in China. These meteorological stations were almost evenly
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distributed within YRB and its surroundings (Fig. S1). The
meteorological data during the period of 2001–2013 were
provided by the Climatic Data Centre, Nat ional
Meteorological Information Centre, China Meteorological
Administration, and the quality of the meteorological data
was checked before the released for the use.
We have used the third-generation Normalized Difference
Vegetation Index (NDVI3g) from the newest version (January
2001–December 2013) of the Global Inventory Modeling and
Mapping Studies (GIMMS) generated by the Advanced Very
High Resolution Radiometer (AVHRR) sensor on the
National Oceanic and Atmospheric Administration (NOAA)
Polar Orbiting Environmental Satellite (POES) series (Tucker
et al. 2005; Eastman et al. 2013). The GIMMS NDVI3g
datasets are produced in a geographical latitude/longitude pro-
jection with a spatial resolution of 8 km and a temporal inter-
val of 15 days, which has been corrected to remove the non-
vegetation effects (Pang et al. 2016). It has been widely used
for monitoring vegetation greenness at regional and global
scales (Vrieling et al. 2013). The monthly NDVI values were
obtained by maximum-value composite (MVC) method ig-
noring the partial effects from clouds and atmosphere
(Holben, 1986).
The other datasets used in this study included the digital ele-
vation data (Fig. S1) at a spatial resolution of 0.0083 degree
provided by the National Geomatics Centre of China and the
MODIS Land Cover data (version 5.1) at a spatial resolution of
500 m. The vegetation was classified into six types referring to
International Geosphere-Biosphere Programme (IGBP)
(Fig. S2): shrub, grassland, cropland, deciduous broadleaved for-
est (DBF), evergreen broadleaved forests (EBF), and evergreen
coniferous forest (ECF). These data were resampled to a spatial
resolution of 8 km to match the NDVI data. In the present study,
we have considered four seasons, spring (March–May), summer
(June–August), autumn (September–November), and winter
(December–February).
Theil-Sen Median trend analysis
and the Mann-Kendall test
We have carried out Theil-Sen Median trend analysis with
Mann-Kendall trend significance test to study the vegetation
characteristics through NDVI and climatic factors in the YRB.
The Theil-Sen Median analysis is a robust trend analysis
method based on non-parametric statistics (Theil, 1950; Sen,
1968). The MK test, proposed by Kendall (1938, 1970) and
Mann (1945), is a non-parametric test that does not require the
data to be normally distributed and has low sensitivity to out-
liers in the time series (Hamed, 2008). Therefore, this method
has been commonly applied to study long-term analysis of
meteorological factors and vegetation (Fu et al. 2013;
Chaudhuri and Dutta 2014; Sun et al. 2017). This method
mainly contains two parameters: Z and β. The standard normal
test statistic Z, used for testing trend and significance of the
time series, is calculated as follows:
Z ¼
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where n is the number of data points, xi and xj are the sequen-
tial data in the series, l is the number of tied groups, and tk is
the number of data points in the kth group.
In a two-tailed test, the null hypothesis H0 of no trend
should be rejected at the α significance level for |Z| > Z1 −α/
2, which indicates that the time series have a significant vari-
ability. The slope (β) of Theil-Sen Median indicates that the
increasing or decreasing rate of the time series can be obtained
using following equation:
β ¼ Median xi−x j
i− j
for all j < i: ð5Þ
Pearson correlation analysis
To investigate the correlations between the vegetation NDVI
and climatic variables, the Pearson correlation analysis was
adopted to provide robust insights into their relationship
(Jiang et al. 2017). In consideration of the non-linear relation-
ship, the Pearson coefficient method avoided the non-linearity
that could obstruct the detection of a monotonic correlation
(Qu et al. 2018).
Residuals analysis
The residual analysis method can distinguish the relative impor-
tance of the impact of climate change and human activities on
vegetation (Evans and Geerken 2004; Jiang et al. 2017). The
NDVI residuals were the difference between observed and pre-
dicted NDVI (Archer, 2004). The predicted NDVI was comput-
ed by the linear regression for each pixel; the computed linear
regression could accurately describe the correlation between
NDVI and climatic variables (Herrmann et al. 2005). The
NDVI residuals represent part of the observed NDVI value
which is not explained by climatic factors. In a scatter plot, the
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impact of any causative variables other than climatic factors was
left out in the regression model (Herrmann et al. 2005). To
investigate the impact of human activities on NDVI, trend was
computed from the time series of NDVI residuals (Herrmann et
al. 2005; Jiang et al. 2017). When the trend of NDVI residuals
was not statistically significant, changes in NDVI could be
caused by climatic change. In contrast, when trend of NDVI
residuals was statistically significant, changes in NDVI could
be explained by human activities (Jiang et al. 2017).
Results
Vegetation greenness in the YRB
Change in annual mean NDVI
The annual mean NDVI for the period 2001–2013 over the
whole YRB is about 0.55 (Table S1), the annual NDVI trend
using MK test is given in Table S2 for the confidence levels
10, 5, and 1%. The change in the annual mean NDVI shows a
decreasing trend of 0.0002/year over the whole study area
during 2001–2013, not to the statistically confidence level
(Table S2). The annualmeanNDVI was higher over the whole
YRB except the source region of the Yangtze River in the
Qinghai-Tibetan Plateau (QTP) and a small part of eastern
YRB during 2001–2013 (Fig. 1). The pattern of changes in
annual mean NDVI was found to be spatially heterogeneous
during 2001–2013 (Fig. S3). Almost half (8.9 × 105 km2) of
study area shows an increasing trend in annual mean NDVI
with the change rate up to 0.01/year, while most of central
YRB shows a decreasing trend with the rate as low as −
0.01/year (Fig. S3a). The areas with statistically significant
trends of NDVI are mainly located in the eastern, western,
and central YRB (Fig. S3b).
NDVI changes in different seasons
The mean seasonal NDVI during spring, summer, autumn,
and winter seasons were about 0.52, 0.68, 0.58, and 0.41,
respectively, during 2001–2013 (Table S1). The mean NDVI
during spring and summer seasons increased, while NDVI
shows decrease during autumn and winter seasons
(Table S2). The changes of seasonal NDVI were very small
not showing statistically confidence level.
The spatial pattern of seasonal mean NDVI during spring,
summer, and autumn seasons was similar to those of annual
mean NDVI; the lower values were mainly located in the
source region of the Yangtze River in the QTP and a small
part of the eastern YRB regions (Fig. 2a–c). The mean NDVI
during winter season was lower over the whole study area
except the south-western and south-eastern YRB regions
(Fig. 2d). The NDVI shows significant seasonal and spatial
variations (Fig. S4). About 1.0 × 106 and 1.2 × 106 km2 of the
YRB region show an increasing trend in the mean NDVI
during spring and summer seasons with the rate of 0.00–
0.02/year, while 1.0 × 106 and 1.2 × 106 km2 of the YRB show
decreasing trend in mean NDVI, respectively, during autumn
and winter seasons, with the rate of 0.00–0.02/year. The re-
gions where NDVI significantly increase in four seasons are
mainly located in the source region of Yangtze River in QTP,
the parts of the northern and the eastern YRB. The regions
where NDVI significantly decreases are mainly observed in
parts of the western and southern YRB during autumn season
and in the Yangtze River Delta (YRD), the parts of southern
and central YRB in winter season.
NDVI for different vegetation types
The mean NDVI for different types of vegetation in the YRB
is shown in Fig. S5. At the biome level, the annual and sea-
sonal mean NDVI of forest ecosystems generally observed to
be higher compared to the other ecosystems. For forest eco-
system, the annual mean NDVI of EBF was higher compared
to the areas covered with DBF and ECF. As Fig. S5 shows, the
annual NDVI of cropland is lower than that of shrubs.
Grassland, which is mainly distributed in the north-western
YRB, shows the lowest NDVI. At the seasonal scale, DBF
covered areas show a higher NDVI during summer and au-
tumn seasons, while EBF covered areas show a higher NDVI
during spring and winter seasons.
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Fig. 1 Spatial distributions of
annual mean NDVI in the region
YRB during 2001–2013 (I is the
YRD; II, III, IV, V, and VI are the
eastern, central, northern,
southern, and western YRB,
respectively)
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Table 1 shows the trend of the mean NDVI for different
vegetations in the YRB; the annual mean NDVI variations
for different vegetations show an increasing trend, al-
though not statistically significance except for ECF.
During spring season, the change of the mean NDVI for
different vegetations shows an increasing trend except
shrub, and cropland significantly increased at the rate of
0.002/year (Z = 1.7693). During summer season, six types
of vegetation show an increasing trend; shrub and grass-
land significantly increased at the rate of 0.0044/year (Z =
1.7693) and 0.0026/year (Z = 1.9683), respectively.
During autumn season, only EDF shows statistically sig-
nificance increasing trend at the rate of 0.0153/year (Z =
2.3845), while shrub shows statistically significant de-
creasing trend at the rate of 0.0054/year (Z = − 1.6552)
during winter season.
Climatic variability trend during 2001–2013
The annual mean temperature and mean temperature dur-
ing spring, summer, autumn, and winter seasons vary
around 14.82, 14.91, 24.05, 15.57, and 4.60 °C, respec-
tively, over the whole YRB during 2001–2013 (Table S1).
The annual mean temperature shows a large difference in
the middle and lower Yangtze Basin, which is associated
with the higher topography of the upper Yangtze Basin
(Fig. S6a) . The annual mean precipi ta t ion was
1058.31 mm during 2001–2013, and it was mainly con-
centrated in summer (Table S1). Figure S6b shows the
spatial distribution of annual precipitation extremely un-
even over the whole YRB region. Therefore, the north-
west part of the river basin shows cold and dry conditions,
while the southeast part of the river basin shows warm
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Fig. 2 Spatial distribution of seasonal mean NDVI in the YRB during 2001–2013 a spring, b summer, c autumn, and dwinter (I is the YRD; II, III, IV, V,
and VI are the eastern, central, northern, southern, and western YRB, respectively)
Table 1 Trend of both annual and
seasonal NDVI for different
vegetation types in YRB during
2001–2013
ECF EDF DBF Shrub Grassland Cropland
Annual β (/year) − 0.0007 0.00004 0.000008 0.0003 0.0007 0.0002
Z − 0.3050 0.0000 0.0000 0.0610 1.2811 0.0000
Spring β (/year) 0.0010 0.0002 0.0029 − 0.0008 0.0002 0.0020*
Z 0.3050 0.0610 1.2811 − 0.1830 0.4206 1.7693
Summer β (/year) 0.0005 0.0036 0.0002 0.0044* 0.0026** 0.0017
Z 0.3050 0.9151 0.0000 1.7693 1.9683 0.9151
Autumn β (/year) − 0.0009 0.0153*** − 0.0015 − 0.0020 0.0011 0.0015
Z − 0.3050 2.3845 − 0.5491 − 0.3050 0.4271 0.1830
Winter β (/year) − 0.0024 − 0.0023 − 0.0027 − 0.0054* − 0.0007 − 0.0030
Z − 1.2812 − 0.7931 − 0.9151 − 1.6552 − 0.6711 − 0.0032
*Trends at the 10% confidence level
**Trends at the 5% confidence level
***Trends at the 1% confidence level
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and wet conditions due to the topography, latitude, and
with the proximity to the South China Sea.
Spatial-temporal variation of annual temperature
and precipitation trends
The temporal variations of annual mean temperature and pre-
cipitation trends are given in Table S3 using MK test accord-
ing to the confidence levels of 10, 5, and 1%. The annualmean
temperature and precipitation show an increasing trend, re-
spectively, at the rate 0.02 °C/year and a decreasing trend
3.66 mm/yr. during 2001–2013 over the whole YRB, not sta-
tistically significant (Table S3). Figure S6c–d shows large
regional difference in the changes in the annual mean temper-
ature and precipitation. The annual mean temperature signifi-
cantly increases in the western YRB, and the increasing rate is
largest in the source region of Yangtze River (Fig. S6c). In
contrast, most of the study area shows a decreasing trend in
annual precipitation, and the regions with statistically signifi-
cant trends mainly lie in the southern YRB (Fig. S6d).
Spatial-temporal variation of seasonal temperature
and precipitation trends
The seasonal mean temperature shows an increasing trend dur-
ing spring, summer, and autumn seasons, respectively, at the
rate of 0.06, 0.04, and 0.01 °C/year, during 2001–2013, while a
decreasing trend is observed during winter season at the rate of
0.03 °C/year (Table S3). The change in seasonal mean temper-
ature is not statistically significant except during summer sea-
son (Table S3). The spatial distribution shows strong seasonal
mean temperature variations (Fig. S7). A statistically significant
increasing trend is found in the western YRB during spring
season (Fig. S7a). The seasonal mean temperature has a de-
creasing trend in most areas during spring, autumn, and winter
seasons, prominent during winter season, and the regions with
statistically significant trend mainly lie in central YRB
(Fig. S7d). In contrast, the mean temperature during summer
season shows a significant increasing trend in most YRB
(Fig. S7b). Figure S7 also shows hot areas in the western region
of the Yangtze River in the QTP.
The seasonal precipitation during spring, summer, and win-
ter seasons shows a decreasing trend at the rate of 3.52, 5.58,
and 4.50 mm/year, respectively, over the study area during
2001–2013, while an increasing trend is observed during au-
tumn season at the rate of 2.76 mm/year (Table S3). The spa-
tial variation of the seasonal precipitation trend shows regional
variability (Fig. S7e–h). We found decreasing precipitation in
four seasons in most YRB. The annual precipitation signifi-
cantly decreases in the southern YRB during spring, summer,
and autumn seasons, while increase in most YRB during win-
ter. The areas where precipitation significantly increases are
mainly located in a small part of northern YRB during spring
and summer seasons (Fig. S7e, f), in parts of central YRB and
YRD during autumn season (Fig. S7g).
Correlation between NDVI and climatic variations
Correlation between annual NDVI
and temperature/precipitation
To further examine the response of vegetation to climate
change in the YRB, we have used Pearson correlation coeffi-
cients to determine the relationship between the mean NDVI
and climate variables (Table 2). The mean NDVI shows dif-
ferent responses to changes in temperature and precipitation
(Table 2). The annual mean NDVI shows a negative statisti-
cally insignificant correlation with temperature (R = − 0.02,
p = 0.94) and precipitation (R = − 0.03, p = 0.67) during
2001–2013 in the YRB region.
Figure S8 shows the spatial pattern of correlation coeffi-
cients (R) between annual mean NDVI and temperature/
precipitation during 2001–2013. Figure S8a shows positive
correlation between the annual mean NDVI and temperature
over 9.1 × 105 km2 of the YRB; statistically significant and
positive correlation regions were mainly observed in the west-
ern parts of YRB, and the significant and negative correlation
regions were observed in the source region of the Yangtze
River in the QTP during 2001–2013. In contrast, annual mean
NDVI shows a negative correlation with precipitation 1.0 ×
106 km2 of YRB regions during 2001–2013, and the regions
with significant correlation were mainly located in parts of the
eastern and western YRB (Fig. S8b).
Correlation between seasonal NDVI
and temperature/precipitation
Table 2 shows a positive correlation between the mean NDVI
with seasonal temperature, during summer season (R = 0.52,
Table 2 Correlation (R)
between annual
(seasonal) NDVI and
temperature
(precipitation) during
2001–2013
Indicator R
Annual − 0.02
Spring 0.34
Temperature summer 0.52**
Autumn 0.03
Winter 0.67***
Annual − 0.03
Spring − 0.35
Precipitation summer − 0.32
Autumn 0.10
Winter 0.10
*At the 10% confidence level
**At the 5% confidence level
***At the 1% confidence level
21872 Environ Sci Pollut Res (2018) 25:21867–21878
p < 0.05) and winter season (R = 0.67, p < 0.01). The mean
NDVI during summer season shows an increase with the in-
crease in temperature, and during winter season, the mean
NDVI decreases with the decrease in temperature.
Figure S9a–d shows a positive correlation between the mean
NDVI and temperature during spring, summer, autumn, and
winter seasons, respectively, which vary up to 1.2 × 106, 1.3 ×
106, 1.1 × 106, and 1.3 × 106 km2 in the study area, and the
areas with significant correlations accounted up to 2.3 × 105,
1.9 × 105, 8.4 × 104, and 4.3 × 105 km2 of the whole study
area, respectively, during spring, summer, autumn, and winter
seasons. The correlation shows strong dependence on season-
al and spatial heterogeneity. A positive correlation between
mean NDVI and seasonal temperature during spring, summer,
and autumn was observed in the source region of the Yangtze
River in the QTP, while a negative correlation was observed
duringwinter season. In addition, the correlation during spring
and summer seasons shows a positive correlation in the YRD,
whereas negative correlation during autumn and winter
seasons.
The mean NDVI with precipitation shows negative corre-
lation during spring (R = − 0.35, p = 0.24) and summer (R = −
0.32, p = 0.28) seasons over the whole study period, and pos-
itive correlation with seasonal precipitation during autumn
(R = 0.10, p = 0.74) and winter (R = 0.10, p = 0.76) seasons,
although not statistically significant (Table 2). Figure S9e–h
shows a negative correlation between the mean NDVI and
precipitation during spring, summer, autumn, and winter sea-
sons, respectively, in 1.1 × 106, 1.4 × 106, 1.2 × 106, and 9.5 ×
105 km2 of the YRB, and the areas with significant correlation
accounted for 1.2 × 105, 2.8 × 105, 1.9 × 105, and 1.2 ×
105 km2 of the whole study area during spring, summer, au-
tumn, and winter seasons, respectively. During summer sea-
son, the source region of the Yangtze River in the QTP shows
a positive correlation (Fig. S9f), whereas during spring and
autumn seasons, it shows a negative correlation (Fig. S9e, g);
negative correlation is also found in the YRD region during
spring and summer seasons (Fig. S9e, f) and positive correla-
tion during winter (Fig. S9h) season. Most of the northern and
southern parts of YRB show a negative correlation during
summer season (Fig. S9f), and positive correlation during
winter season (Fig. S9h).
The correlation between the mean NDVI and seasonal cli-
matic variables (temperature and precipitation) is given in
Table 3 for different vegetations. The correlation between sea-
sonal NDVI for six types of vegetation and temperature shows
strong seasonal variations. During spring season, the mean
NDVI was found to be statistically significant, showing a
positive correlation with temperature for DBF (R = 0.45, p <
0.10) and cropland (R = 0.62, p < 0.05). During summer sea-
son, the mean NDVI for shrub (R = 0.39, p < 0.10), grassland
(R = 0.49, p < 0.05), and cropland (R = 0.46, p < 0.10) shows
statistically significant positive correlation with temperature.
During autumn season, only the mean NDVI for cropland
shows a statistically significant negative correlation (R = −
0.68, p < 0.01) with temperature. During winter season, the
mean NDVI for ECF, EBF, DBF, shrub, grassland, and crop-
land shows significant and positive correlation with tempera-
ture, with the correlation coefficients of 0.74 (p < 0.01), 0.64
(p < 0.01), 0.73 (p < 0.01), 0.60 (p < 0.05), 0.66 (p < 0.01),
and 0.74 (p < 0.01), respectively.
The relationship between the mean NDVI and seasonal
precipitation shows a statistically significant difference for
different vegetation types. During spring season, the mean
NDVI shows negative correlation with precipitation for six
types of vegetation except EBF and was statistically signifi-
cantly correlated with precipitation for DBF (R = − 0.49, p <
0.05) and cropland (R = − 0.43, p < 0.10). The mean NDVI
shows a negative correlation with precipitation for six types
of vegetation and was significantly correlated with precipita-
tion for EBF (R = − 0.42, p < 0.10), shrub (R = − 0.42, p <
0.10), and cropland (R = − 0.49, p < 0.05) during summer
Table 3 Correlation (R) between the mean NDVI and climatic
parameters (temperature and precipitation) for different vegetation types
Vegetation type Season Temperature Precipitation
R R
ECF Spring 0.33 − 0.34
Summer 0.34 − 0.18
Autumn 0.17 0.15
Winter 0.74*** 0.18
EBF Spring − 0.13 0.06
Summer 0.35 − 0.42*
Autumn 0.33 − 0.01
Winter 0.64*** − 0.03
DBF Spring 0.45* − 0.49**
Summer 0.27 − 0.07
Autumn 0.09 0.10
Winter 0.73*** 0.13
Shrub Spring 0.09 − 0.09
Summer 0.39* − 0.42*
Autumn − 0.09 − 0.04
Winter 0.60** 0.11
Grassland Spring 0.17 − 0.11
Summer 0.49** − 0.15
Autumn − 0.15 0.30
Winter 0.66*** 0.27
Cropland Spring 0.62** − 0.43*
Summer 0.46* − 0.49**
Autumn − 0.68*** 0.22
Winter 0.74*** 0.08
*At the 10% confidence level
**At the 5% confidence level
***At the 1% confidence level
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season. During autumn season, six types of vegetation show a
positive correlation with precipitation except EBF and shrub.
A positive correlation between the mean NDVI and precipita-
tion is observed for different vegetations except EBF during
winter season.
Correlation between monthly NDVI
and temperature/precipitation
The NDVI annual cycle is given in Fig. S10a. The monthly
NDVI gradually increased from February to July and de-
creased from August to January. The monthly NDVI variation
was consistent with that of monthly temperature and precipi-
tation (Fig. S10b). Moreover, the correlation coefficients be-
tween monthly mean NDVI and temperature/precipitation
were 0.97 (p < 0.001) and 0.84 (p < 0.01), respectively.
The response of monthly NDVI to temperature and precip-
itation is summarized in Table 4 by lag correlation analysis.
Table 4 shows that the monthly NDVI was more sensitive to
temperature compared to precipitation. The correlation of
monthly NDVI with temperature in March and June was
higher, while the correlation of mean NDVI in February,
July, August, and December with temperature lagging for
1 month was higher. Therefore, the response of monthly
NDVI to temperature lagged for 0–1 month, and the correla-
tion coefficients (p < 0.1) between monthly NDVI and tem-
perature were positive (Table 4). However, most of the corre-
lation coefficients (p < 0.1) between monthly NDVI and pre-
cipitation were negative and the response of monthly NDVI to
precipitation generally lagged for 0–3 months (Table 4).
Residual analysis
Figure 3 shows spatial variations of the NDVI residuals; 1.3 ×
106 km2 of the study area shows decreasing trend in the NDVI
residuals and mainly located in the YRD and the central south
of YRB with annual change rate as low as − 0.02/year, while
5.0 × 105 km2 shows an increasing trend and mainly occurred
in parts of eastern, northern, and south-western YRB, with
annual change rate up to 0.02/year (Fig. 3a). The results show
a difference in trend of the NDVI residuals. Figure 3b shows
that the regions with statistically significant increasing trend in
NDVI residuals mainly located in parts of northern, eastern,
and western YRB, while the areas with statistically significant
decreasing trend is likely due to strong inhomogeneity in a
small part of YRD and the mid-western YRB. The vegetation
variations could not be induced by climate change and mainly
affected by the human activities. However, the most regions of
YRB with not statistically significant variations in NDVI re-
siduals that may be associated with the climate change.
Discussion
The effects of climate change on NDVI
Global warming is strongly associated with the climate change
of the YRB in the past few decades. The present study shows an
increasing temperature trend, and precipitation shows a
decreasing trend in most of the study area. The increase in
annual mean temperature was mainly attributed to warming
during spring season over the study area. Tian et al. (2016) have
concluded that climate warming was mainly attributed to an
increase in temperature during winter and spring seasons over
three major river basins of China. Precipitation shows statisti-
cally significant variation with large regional difference.
The YRB region shows warming in the southeast, west, and
north, where an increasing trend in vegetation (NDVI) is ob-
served. We also found that the mean NDVI values of grass-
lands, ECF, EBF, and DBF show a relatively high positive
correlation with increasing temperature in these regions.
Earlier studies have shown a good correlation between vast
green regions with increase in temperature by extending grow-
ing season and increasing photosynthesis when the temperature
Table 4 Correlation coefficients between the monthly NDVI and climatic variables
Temperature/NDVI Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec.
0–0 0.52* − 0.06 0.65** 0.06 0.30 0.49* − 0.24 0.39 − 0.39 0.18 − 0.07 − 0.06
0–1 0.10 0.67** 0.49* 0.07 − 0.08 0.29 0.48* 0.56** 0.20 0.22 0.50* 0.55**
0–2 0.51* 0.12 0.22 0.24 − 0.07 − 0.19 − 0.05 − 0.17 0.26 0.09 0.25 0.16
0–3 0.66** 0.54* 0.18 0.38 0.40 0.09 − 0.01 0.15 − 0.21 0.11 − 0.15 − 0.02
Precipitation/NDVI Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec.
0–0 − 0.03 − 0.01 0.15 − 0.51* − 0.40 0.01 − 0.42 − 0.22 0.16 0.41 − 0.29 0.05
0–1 0.22 − 0.07 0.48* − 0.30 − 0.49* − 0.26 0.01 0.22 0.11 − 0.05 0.05 − 0.23
0–2 − 0.56** 0.07 0.20 0.14 − 0.15 − 0.48* 0.23 0.21 0.33 0.23 − 0.24 0.08
0–3 0.26 − 0.68** 0.52* − 0.30 − 0.48* − 0.65** 0.25 0.03 − 0.21 0.27 − 0.23 − 0.02
0–0 the same month; 0–1 before a month; 0–2 before 2 months; 0–3 before 3 months
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ranges from baseline to optimum temperature (Thornthwaite,
1948; Potter et al. 2012; Piao et al. 2015), particularly in regions
where water availability is not a problem (Zhou et al. 2015).
Zhang et al. (2014) have shown that climate warming shows a
positive impact on vegetation productivity in about 7.2 ×
105 km2 of the YRB region. In contrast, a decreasing trend in
vegetation (NDVI) was detected in central south of the study
area with climate warming, and the mean NDVI values of crop-
land and shrubs show a negative correlation with increasing
temperature. Vegetation growth is slower at higher temperatures
(Thornthwaite, 1948). The increasing temperature accelerates
evaporation, which potentially reduces vegetation production
and limits vegetation growth in high-temperature regions
(Piao et al. 2008; Zhang et al. 2014).
We have found the mean NDVI values of cropland, EBF,
and DBF show a relatively high negative correlation with
precipitation. A widely accepted viewpoint is that precipita-
tion is not a limitation for vegetation growth in humid region
due to higher rainfall (Wang et al. 2015). We have also found
a decreasing trend in NDVI under decreasing precipitation in
southern YRB, and the amount of precipitation is enough for
each type of vegetation during this period. Jiang et al. (2017)
show that the vegetation growth is particularly dependent on
precipitation where not enough water is available, i.e., precip-
itation is the dominant factor affecting vegetation growth in
these regions. Liu et al. (2015) have found that the total pre-
cipitation during the growing season shows a dominant impact
on vegetation greenness compared with temperature varia-
tions in the arid region.
These results show that vegetation greenness was closely
correlated with climatic variation. Zhang et al. (2017b) have
shown that more than 50% of greenness lies in semi-arid and
boreal regions associated with the climate change and less
than 20% of greenness variations in the tropical and temperate
regions. However, the relationship between climate factors
and NDVI varies over different spatio-temporal scale (Li et
al. 2017).
The effects of human activity on NDVI
In addition to climate change, human activities also play an
important role in vegetation greenness (Liu et al. 2015).
Human activities include, e.g., ecological restoration projects
and negative activity, e.g., expansion of built-up land.
Therefore, the contribution of each driving factor must be
considered to determine its relative importance for vegetation
greenness (Jiang et al. 2017). The residual analysis shows that
the mean NDVI of cropland decreased in a small part of mid-
western YRB and the YRD, while EBF and EDF increased in
the western YRB, DBF in the northern YRB, and cropland;
DBF and EBF increased in the eastern YRB. These variations
in vegetation could be mainly controlled by the land use and
land cover change (LUCC) induced by human activities.
The main ecological protection projects, e.g., the Grain to
Green Program (GTGP), were launched in China to facilitate
ecological restoration and degradation control (Zhang et al.
2016). These ecological projects have produced a certain im-
pact on vegetation greenness (Liu et al. 2014b). The NDVI
shows a decrease for cropland mainly due to the conversion of
cropland to grasslands (Jiang et al. 2017). Figure 4 shows that
the conservation of cropland to grassland mainly occurs in the
southern part of YRD, where the NDVI residuals have a sig-
nificant decreasing trend (Fig. 3). The conservation of crop-
land to forest and the conservation grassland to cropland play
a positive impact on the increase in NDVI in the northern,
eastern, and western parts of YRB (Fig. 4). In addition, crop-
land area is lost based on NDVI due to urbanization in the
YRB particularly in the YRD. There was an increase of 1.7 ×
104 km2 in built-up area during 2000–2005 in China; about
75% of the newly developed built-up areas are mapped using
NDVI values (based on small NDVI values especially in the
growing season). The expansion of built-up areas is observed
in the southeast coastal areas and plain region, including the
YRD, Huang-Huai-Hai Plain, Pearl River Delta, and Sichuan
Basin (Liu et al. 2010).
The increasing trend of NDVI is observed to be larger
compared to the NDVI trend estimated by the linear regres-
sion in parts of the western, northern, and eastern YRB, which
may be caused by afforestation. The Chinese government has
implemented several priority forestry programs for ecological
protection and construction due to long-term exploitation of
forest resources. The forest area in China has increased by
approximately 3.1 × 105 km2 during the period of 2004–
2008, compared to the period 1977–1981 (Guo et al. 2013).
0.02
-0.02
Fig. 3 The spatial pattern of trends and significance in the NDVI residuals
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The YRB, located in central China, is one of the major affor-
estation areas based on NDVI (Zhang et al. 2014). The vast
green regions in the central and southern China have increased
due to afforestation and forest protection programs carried out
since 2000 (Zhang et al. 2017a). We found that the area of
EBF and DBF increased with a higher proportion in the YRB
during the 2001–2013 based on NDVI. The rapid increase in
forest cover in the YRB was mainly caused by four reforesta-
tion and forest protection programs: Sloping Land Conversion
Program, Natural Forest Protection Program, YRB Shelterbelt
Development Program, andWildlife Conservation and Nature
Reserve Development Program (Wang et al. 2007; Zhang et
al. 2014).
Limitations and future work
Although the results of quantitatively assessment of the
re la t ionship be tween vegeta t ion greenness and
precipitation/temperature in YRB are helpful to under-
stand future state of the land surface ecosystem, large
uncertainties in vegetation greenness still exist due to
complicated driving factors. Climate change and human
activity are two important driving factors (Hurtt et al.
1998; Piao et al. 2015). However, the residuals between
NDVI computed by the linear regression and observed are
affected not only by the human activity but also by other
variables, e.g., solar radiation (Wang et al. 2017), relative
air humidity, and extreme climate events (Jiang et al.
2017). Climate extremes (e.g., droughts and floods) have
significantly affected vegetation dynamics in many parts
of China (Ouyang et al. 2016). Therefore, we should
consider the impacts of other variables on vegetation
greenness and explore the main driving forces of vegeta-
tion dynamics in different climates in future work.
Conclusions
The present study analyzed the spatial and temporal variations
of NDVI (greenness of vegetation) over the YRB during
2001–2013 to identify the role of climate change and human
activities using the GIMMS NDVI3g datasets and the meteo-
rological data. Based on detailed analysis following conclu-
sions are made:
(1) The whole YRB experienced increased temperature and
decreased precipitation. However, a decreasing trend in
mean temperature during winter season and an increas-
ing trend in precipitation during autumn season are ob-
served. Spatially, the pronounced increase in annual and
seasonal mean temperature was found in the western
YRB. In contrast, decrease in annual and seasonal mean
precipitation was observed in the southern YRB.
(2) The mean NDVI during spring and summer seasons
shows an increasing trend, while a decreasing trend is
observed during autumn and winter seasons. The regions
with pronounced increasing trend in NDVI were mainly
located in the western source region of the Yangtze River
in the QTP and parts of northern and eastern YRB, while
the central southern YRB regions show a decreasing
trend.
(3) Overall, the response of vegetation to climatic change
year to year shows complex spatial patterns. About
15.83% of vegetation covered area shows significant
correlation (p < 0.05) between the mean NDVI and total
precipitation, followed by mean temperature (9.16%).
The mean NDVI shows a stronger relationship with sea-
sonal mean temperature compared to the seasonal pre-
cipitation. The response of monthly NDVI to tempera-
ture and precipitation generally lagged for 0–1 and 0–
3 months, respectively. The results discussed here con-
firm that temperature is the dominant factor affecting the
seasonal vegetation greenness in the YRB region. The
correlation between the mean NDVI of different vegeta-
tions and temperature/precipitation also shows strong
seasonal variations.
(4) The NDVI residual analysis shows influence of climate
change on vegetation greenness inmost parts of the YRB
and in parts of eastern and western YRB pronounced
change due to human activities.
Forest to grassland
Forest to cropland
Forest to shrub
Grassland to shrub
Shrub to cropland
Shrub to forest
Grassland to forest
Cropland to shrub
Shrub to grassland
Cropland to forest
Grassland to cropland
Cropland to grassland
Fig. 4 Conversion of land use
and land cover change (LUCC) in
the YRB during 2001–2013
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